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Abstract 
 In this work we tested the hypothesis that if sap flow in the outer rings changes 
as a consequence of stomatal response to environmental variables, then we can infer 
canopy conductance from sap flow measurements. In 2004 we run experiments to 
calibrate the tz compensation heat pulse method in three fruit tree species with 
contrasting hydraulic characteristics and water requirements: olive, plum and 
orange. In some of those experiments one tree of each species was cut at ground level 
and the butt placed in a reservoir with an adequate solution. Then we measured the 
actual tree transpiration (Ep) every half hour, as well as the total leaf area. The Ep 
values, together with simultaneous measurements of micrometeorological variables 
over the trees, were used to calculate reliable values of canopy conductance by 
inverting the P-M equation (Gc). We also obtained independent values of canopy 
conductance from leaf gas exchange measurements carried out in the three 
instrumented trees (gc), and checked that they were similar to the Gc results. Our gc 
data were compared to tz profiles recorded in the trunk to test our hypothesis that 
the diurnal pattern of tz profiles can be used to derive reliable values of canopy 
conductance. Results from the three tested species showed a good correlation 
between tz and gc. 
  
INTRODUCTION 
Using the Penman-Monteith (P-M) model to derive tree transpiration (Ep) faces two 
main challenges: determination of total leaf area and determination of canopy 
conductance. In this work we have investigated a new approach based on sap flow 
measurements to obtain reliable diurnal trends of canopy conductance (Gc). Radial sap 
flow in tree trunks has been a matter of study in many works since a long time (Swanson, 
1965; Čermák et al., 1982; Dye et al., 1991). The implications of the radial heterogeneity 
of sap flow density are being increasingly considered in recent publications (Čermák et 
al., 2008; Tateishi et al. 2008; Fiora and Cescatti, 2008). In addition to differences in the 
pattern of sap flow due to different conducting systems (ring-porous vs. diffuse porous), 
sap flow profiles have been reported not be constant with time, but change diurnally and 
seasonally (Fernandez et al., 2001).  Changes in radial sap flow patterns  have been 
attributed to the effect of water stored in the inner sapwood (Ford et al. 2004), to an 
increase of inner sap flow to compensate for cavitation in the outer rings (Poyatos et al. 
2007), to stomatal closure in the exposed foliage (Fernández et al., 2001), to the vertical 
distribution of foliage in the crown (Fiora and Cescatti, 2008), or to the increase in the 
inner sap flow density with the water uptake from deep roots (Nadezhdina et al., 2007; 
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Čermák et al., 2008). It can be concluded from those observations that the outer sapwood 
is mainly related to shallow roots and exposed new foliage, and that the inner sapwood is 
preferably connected to deep roots and shaded old foliage. Our working hypothesis is that 
if sap flow in the outer xylem changes as a consequence of stomatal response to 
environmental variables then we can infer canopy conductance from sap flow 
measurements. We tested this hypothesis in three species, olive, plum and orange, by 
using data from calibration experiments of the tz compensation heat pulse method (CHP) 
(Fernandez et al., 2006). The advantages of the used data sets are: 1) we know the actual 
transpiration rate; 2) we know the actual total leaf area; 3) we have a good estimation of 
canopy conductance (gc) from leaf gas exchange data. 
    
MATERIALS AND METHODS 
In the spring of 2004, a set of experiments was performed to calibrate the CHP 
method, as described by Green et al. (2003), for olive, plum and orange trees. An excision 
experiment was carried out for each species. Each tree was instrumented with three sets of 
sap flow probes. Each probe consisted of one heater and two temperature probes, installed 
downstream and upstream the heater. Each temperature probe had four thermocouple 
sensors at 5, 15, 25 and 40 mm below the cambium. Heat pulses were fired every 30 min 
(see Fernandez et al., 2006, for details on the measurements). We used the recorded 
values of the time delay for the temperature at points downstream and upstream from the 
heater (tz) to obtain a proxi for transpiration 
 
Ep  1/tz .     [1] 
 
In canopies well coupled to the atmosphere, reasonably good estimations of Ep can 
be obtained  (Jones 1992; Tognetti et al., 2005) by assuming 
 
Ep  Gc VPD     [2] 
 
and therefore, 
 
Gc  1/(tz VPD) .   [3] 
 
Actual tree transpiration (Ep) was measured placing the butt of each excised tree in 
a reservoir of water filled with 0.05 mol l– 1 KCl solution. The reservoir was refilled to a 
constant level immediately after each heat pulse was fired, which allowed us precise 
quantification of Ep every half hour. Trees were allowed to transpire for 48 hours. The 
obtained Ep values, together with simultaneous measurements of micrometeorological 
variables over the tree, were used to calculate reliable values of canopy conductance by 
inverting the P-M equation (Gc). Leaf gas exchange measurements were made with a 
portable photosynthesis system (LI-6400, LI-COR, Lincoln, NE) to determine stomatal 
conductance (gs) every 2 hours from dawn to sunset, in 16 healthy current-year leaves 
located at positions all around the canopy. From those measurements we derived 
independent values of canopy conductance for each excised tree (gc  ĝs). Total leaf area 
was estimated at the end of the experiment by weighting all the leaves of each tree. 
Previously a correlation was found between leaf area and weight. 
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RESULTS AND DISCUSSION 
 There was a good agreement between gc calculated from leaf gas exchange and Gc 
calculated from inversion of P-M equation of Ep (Fig. 1). The success of this correlation is 
related to the comprehensive sampling of leaf gas exchange throughout the whole crown 
of the tree, considering all orientations and positions within the crown, as well as the 
accurate measurement of the micrometeorological variables influencing each studied tree. 
A good correlation between Gc and gc is important for our purposes, since it allows us to 
use a sap-flow-independent estimate of Gc, which can be related to tz values. Figures 2, 3 
and 4 show the correlation between equation [3] and gc for olive, plum and orange, 
respectively. A good correlation between both variables was found in olive, not only in 
the outer sapwood at 5 mm from the cambium, but also at 15, 25 and 40 mm. In plum, 
high values of gs were recorded early in the morning, being the values much lower for the 
rest of the day, which split gc into two clearly differentiated groups. This led to less 
significant correlations between 1/(tz VPD) and gc than in olive (Fig. 3), although still 
reasonably good. In orange, however, only tz in the outer sapwood showed significant 
correlation with gc (Fig. 4). For the three studied species, the highest correlation 
coefficients were obtained in olive. This is not surprising, since Equation [3] requires a 
good coupling of the canopy to the atmosphere. Of the three studied species, the olive tree 
is expected to be the best coupled to the atmosphere, due to the small size of its leaves 
and the low density of its foliage (Moreno et al., 1996; Tognetti et al., 2005).  
 In conclusion, our results show that the values of tz obtained with the CHP technique 
can be used to infer the dynamics of the canopy conductance. This is better achieved in 
species highly coupled to the atmosphere, such as olive, with small leaves, low leaf 
density crowns and heterogeneous canopies. This means that we might be able to monitor 
canopy conductance automatically and in continuous, in trees growing in the field. This 
has a remarkable potential, since gs is one of the best indicators of water stress in plants, 
having been proposed as a good indicator for irrigation scheduling in fruit tree orchards 
(Jones, 2004). Moreover, gs has been reported to be the ideal reference parameter to study 
the down-regulation of photoysnthesis under drought conditions (Medrano et al., 2002), 
which makes the technique proposed in this work interesting for physiological studies. 
Although Gc has been estimated many times before from sap flow measurements by 
inverting the P-M equation, the novelty of our results lies in the use of a single point 
measurement of temperature to predict the dynamics of stomata. Future work should be 
conducted to understand the seasonal reduction in Gc and its relationship with changes in 
the sap flow profile. 
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Fig. 1. Relationship between canopy conductance (Gc) calculated by inverting the 
equation of Penman-Monteith and using for transpiration the actual values measured in 
the reservoir of water (see text for details) and canopy conductance calculated as the 
average of 20 measurements of stomatal conductance troughout the crown of the tree (gc). 
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Fig. 2. Relationship between the index 1/(tz VPD) and canopy conductance (gc) calculated 
from leaf gas exchange after 20 measurements throughout the tree crown in olive tree. tz 
is the time delay for the temperature at points downstream and upstream from the heater 
and VPD is the vapour pressure deficit of air. 
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Fig. 3. The same as in Fig. 2, but for the plum tree. 
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Fig. 4. The same as in Fig. 2, but for the orange tree. 
